Sucrose, the major product of photosynthesis in plants and cyanobacteria [1] , could be degraded into hexoses or their derivates to provide carbon and energy or to act as signaling molecules, for the growth, development, and defense [2] [3] [4] [5] . Besides, the hydrolysis of sucrose was reported to be involved in nitrogen fixation in diazotrophic cyanobacteria [6, 7] . More recently, genomic and experimental evidence suggested the existence of sucrose-related genes in proteobacteria [4, [8] [9] [10] [11] [12] , where sucrose is used as a compatible solute, and its osmotic effect can be doubled by sucrose degradation [5, 11, 13, 14] . Sucrose degradation could be catalyzed by two different enzymes. Sucrose synthase (SUS, EC 2.4.1.13) cleaves sucrose into fructose and UDP-glucose or ADP-glucose reversibly, whereas invertase (Inv, EC 3.2.1.26n) catalyzes the irreversible hydrolysis of sucrose into glucose and fructose [15] . Current understanding indicates that these two enzymes have distinct roles. SUS-catalyzed sucrose degradation is mainly involved in the biosynthesis of structural and storage polysaccharide by providing sugar nucleotides as the precursors [2, 16] . By contrast, Invs plays a critical role when there is a demand for carbon and energy [2, 4] .
There are two classes of invertases, which are initially categorized according to their optimum pH: the acid invertases (Ac-Invs) with an optimum pH of 4.0-5.5, and the alkaline/neutral invertases (A/N-Invs) with an optimum pH of 6.5-8.0 [17, 18] . Notably, A/N-Invs and Ac-Invs differ from each other in the primary sequence. As the members of glycoside hydrolase (GH) 32 family, Ac-Invs adopt an all b structure with a five-fold b-propeller catalytic domain, and adopt a so-called double displacement mechanism for hydrolysis [19] [20] [21] [22] . Ac-Invs can hydrolyze sucrose and other b-fructosecontaining oligosaccharides, therefore they are also termed b-fructofuranosidases. Recently, the first structure of an A/N-Inv, Anabaena alkaline invertase InvA was solved, which revealed that A/N-Invs share an overall structure of (a/a) 6 barrel differing from Ac-Invs [23] . Structural analysis and enzymatic assays identified the catalytic residues, Asp188 and Glu414, and the general acid-base mechanism for hydrolysis [23] . Furthermore, the stringent substrate specificity toward sucrose enabled us to propose that A/N-Invs, which exclusively constitute GH100 family, represent a novel family of glucosidase [23] . Besides, A/N-Invs and Ac-Invs differ a lot in biochemical properties, species distribution, and subcellular location [1, 24] .
Recent studies revealed that sucrose translocated from vegetative cells to heterocysts as the major carbon carrier molecule plays a central role in connecting carbon metabolism and nitrogen fixation in diazotrophic cyanobacteria [7, 15, 25] . Curatti et al. showed that SUS was specially involved in the cleavage of sucrose in vegetative cells [7, 25] . Bioinformatics analysis revealed that nearly all genome-sequenced cyanobacteria encode only A/N-Invs, but not Ac-Invs. Vargas et al. [24] identified two A/N-Invs, namely InvA and InvB, in the filamentous nitrogen-fixing cyanobacterium Anabaena sp. PCC 7120. As the detected optimum pHs were 7.8 and 6.7, they further classified InvA and InvB into alkaline and neutral invertase, respectively. Both InvA and InvB are expressed in vegetative cells; however, only InvB is specifically expressed in heterocysts [6, 26] . Moreover, knockout of invB (alr0819) but not invA (alr1521) blocked the growth of cyanobacteria at diazotrophic conditions, which suggested that InvB is essential for diazotrophic growth [6, 26] . However, why InvB is specifically involved in the diazotrophic growth remains not clear.
It is recognized that A/N-Invs widely spread in plants and cyanobacteria, and plant A/N-Inv might evolve from cyanobacteria after the endosymbiotic origin of chloroplasts. [1, 24] Most recently, Wan et al. [13] performed detailed phylogenetic analysis of AcInvs and A/N-Invs from cyanobacteria and especially green algae, lower and higher plants, and concluded that A/N-Invs are evolutionarily and functionally more stable than Ac-Invs, possibly due to their roles in maintaining cytosolic sugar homeostasis for cellular function. However, there is no report concerning the A/N-Inv activity or detailed phylogenetic analysis in other bacteria except for cyanobacteria so far.
Here, we report the crystal structures of Anabaena InvB and its complex with sucrose. Despite sharing an overall structure similar to the subunit of InvA, the loop b2-b3 close to the substrate binding pocket, in addition to the residue Arg430 of InvB differs a lot. Activity assays revealed that the optimum pH of InvB is 7.7, suggesting that InvB is also an alkaline invertase like InvA, but not a neutral invertase as previously reported [24] . Compared to InvA, InvB has a higher affinity toward sucrose and a higher catalytic efficiency (k cat /K m ). Structural analyses combined with activity assays revealed that Arg430 contributes to the high catalytic efficiency of InvB, which is necessary for heterocyst development and nitrogen fixation. Moreover, phylogenetic analysis enabled us to extend the species distribution of A/NInvs to proteobacteria and further confirmed the role of the conserved arginine.
Materials and methods

Cloning, expression, and purification
The gene of InvB (NCBI accession number CAC85155.1, 483 residues) was amplified from the genomic DNA of Anabaena sp. PCC 7120. The full-length invB and their mutants were individually cloned into a pET29a-derived vector with an N-terminal His 6 tag. Likewise, the truncated InvB covering residues Thr9-Ser457 was constructed for crystallization. Both the wild-type and mutant proteins were overexpressed in Escherichia coli strain BL21 (DE3) (Novagen, Madison, WI, USA). Cells were grown in LB culture medium (10 g of tryptone, 5 g of yeast extract and 10 g of NaCl per liter) containing 30 lgÁmL À1 kanamycin at 37°C until the A 600 nm reached~0.6. Then protein expression was induced with 0.2 mM isopropyl b-D-1-thiogalactopyranoside at 37°C for another 4 h. Cells were collected and resuspended in 40 mL of lysis buffer (20 mM HEPES, pH 8.0, 100 mM NaCl). After 12 min of sonication and centrifugation at 12 000 9 g for 25 min, the supernatant containing the target protein was loaded onto a nickel-nitrilotriacetic acid column (Qiagen, Hilden, Germany) equilibrated with the binding buffer (20 mM HEPES, pH 8.0, 100 mM NaCl). The target protein was eluted with 300 mM imidazole, and further applied to a HiLoad 16/600 Superdex 200 pg column (GE Healthcare, Uppsala, Sweden) equilibrated with the binding buffer. Samples for enzymatic activity assays were collected at the highest peak fractions without concentration and stored at À80°C with 50% glycerol. The purity of protein was assessed by gel electrophoresis. Analytical gel filtration chromatography was used to determine the molecular weight of InvB in solution by a Superdex 75 10/300 GL column (GE Healthcare). The following standard molecular markers were used for calibration: ribonuclease A (13.7 kDa), ovalbumin (43.0 kDa), conalbumin (75.0 kDa), aldolase (158.0 kDa), ferritin (440.0 kDa), and thyroglobulin (669.0 kDa).
The selenomethionine (SeMet)-substituted full-length and truncated InvB were overexpressed in E. coli B834 (DE3) (Novagen). Transformed cells were first cultured in LB medium at 37°C overnight, then harvested and washed twice with the M9 medium [27] . Then the cells were cultured in SeMet medium (M9 medium with 50 mgÁL À1 SeMet and other essential amino acids) to an A 600 nm of 0.6-0.8. The following steps in protein expression and purification were the same as those for the native protein in addition to adding 5 mM b-mercaptoethanol during purification.
Crystallization, data collection, and processing
Both native and SeMet-substituted InvB were concentrated to 5-10 mgÁmL À1 by ultrafiltration (Millipore, Bedford, MA, USA) for crystallization. Crystals were grown at 16°C using the hanging drop vapor diffusion method, with a drop of 1 lL protein solution mixed with an equal volume of reservoir solution. Microseeding was adopted in crystal optimization. Crystals were obtained against the reservoir solution of 10% polyethylene glycol 6000, 0.1 M sodium citrate, pH 5.6 for the native and SeMet-substituted full-length protein, and 0.7 M lithium chloride, 6% polyethylene glycol 6000, and 0.1 M MES, pH 6.0 for the SeMet-substituted Millipore-truncated InvB. The crystals were transferred to cryoprotectant (reservoir solution supplemented with 30% glycerol) and flash-cooled with liquid nitrogen. For soaking experiments, crystals were transferred to 2 lL of mother liquor containing 30% saturated sucrose and then 3 min later flash-cooled directly, with sucrose as the cryoprotectant. X-ray diffraction data were collected at 100 K using beamline BL17U with an ADSC Q315r CCD detector at the Shanghai Synchrotron Radiation Facility. All of the diffraction data were integrated and scaled with the program HKL2000 [28] .
Structure determination and refinement
The crystal structure of SeMet-substituted truncated InvB was determined using the single-wavelength anomalous dispersion method [29] . The AutoSol program of PHENIX [30] was used to search the selenium atoms and to calculate the phase. Then automatic model building was carried out using Autobuild in PHENIX. The initial model was refined using the maximum likelihood method implemented in REFMAC5 [31] of CCP4i program suite [32] and rebuilt interactively using the program COOT [33] . The crystal data of InvB complexed with sucrose were refined against the apo-form InvB structure. The final models were evaluated with the web service MolProbity (http:// molprobity.biochem.duke.edu) [34] . Crystallographic parameters were listed in Table 1 . The |F o |À|F c | omit electron The values in parentheses refer to statistics in the highest bin.
, where I i (hkl) is the intensity of an observation and <I(hkl)> is the mean value for its unique reflection. Summations are over all reflections. The number of serious steric overlaps (> 0.4 A) per 1000 atoms.
h MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a single score, normalized to be on the same scale as X-ray resolution.
density map of the ligand contoured at 3.0 r was calculated by PHENIX. The interface areas were calculated by PDBePISA [35] . All structure figures were prepared with PYMOL [36] .
Enzymatic assays
The pH dependence of invertase activity of recombinant InvB was measured in 40 mM MES (pH 5.5-6.5), HEPES (pH 7.0-8.0), Bicine (pH 8.5-9.0), and glycine-NaOH (pH 9.5) buffer containing 100 mM NaCl. Subsequent enzymatic assays were carried out at pH 7.9 [23] and pH 7.7 for InvA and InvB, respectively. A 50-lL reaction mixture containing 100 mM sucrose and an appropriate volume of wildtype enzymes or the mutants was incubated at 30°C for different times, and then stopped by heating at 95°C for 10 min. After centrifuged at 12 000 9 g for 10 min, the supernatant was diluted five-fold for HPLC analysis by 
Phylogenetic analysis
The sequence of InvB was used in the BLAST search against the nonredundant protein sequence database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). In total 60 A/NInv homologs from plants including green algae, cyanobacteria, and proteobacteria were selected to do multiple sequence alignment by the program MULTALIN [37] and the result was visualized by ESPript 3.0 [38] . Then the rooted phylogenetic tree was constructed using the neighbor-joining method or maximum likelihood method by MEGA 6 [39] with the a-1,6 glucosidase domain of glycogen debranching enzymye of Giardia lamblia ATCC 50803 as the outgroup. Confidence limits were assessed by bootstrap analysis using 1000 replicates.
Results
Overall structure of InvB
We obtained crystals of the full-length native and SeMet-substituted InvB, but failed in optimizing because of the twinned crystals. Partial proteolysis combined with multiple sequence alignment indicated that both N-and C-termini are not conserved and most likely unstructured. Thus, a truncated version of InvB (residues Thr9-Ser457) was constructed in a similar way to that of InvA [23] , and eventually the SeMet-substituted crystal structure of the apo-form was successfully determined at 1.93 A resolution in the space group C2. Afterward, we obtained the sucrose-complexed crystals by soaking crystals of the truncated InvB with sucrose. The 1.95
A complex structure of InvB with sucrose was solved by using the apo-form SeMet-substituted InvB structure as the initial model. The parameters for data collection and structure determination are listed in Table 1 .
In the sucrose-complexed structure (InvB-Suc), each asymmetric unit contains two molecules of InvB, which form a stable dimer (Fig. 1A) with a buried interface area of~5500 A 2 as calculated by PDBe-PISA. The dimerization in crystal structure is consistent with the result obtained from the size exclusion chromatography (Fig. 1B) . In fact, InvA exists as a hexamer composed of three dimers [23] . Besides, the plant A/N-Invs also assemble into oligomers, either tetramers [40] [41] [42] [43] or octamers [44] . Therefore, we propose that the dimer may be the basic structural unit of these A/N-Invs. The InvB monomer has an overall structure similar to InvA, both of which possess an (a/a) 6 -barrel core structure composed of 12 a-helices and an insertion structure containing helices a8, a9, g1, and g2 (Fig. 1C) [23] .
The apo-form structure of InvB shares an overall structure almost identical to that of the sucrose complex, with a root mean square deviation (RMSD) of 0.52
A over 856 Ca atoms of the dimer. Notably, a glycerol molecule, which was used as the cryoprotectant, occupies the substrate binding pocket.
InvB has a high structural similarity to InvA with a RMSD of 0.98 A over 414 Ca atoms. The loop between b2 and b3 strands (designated as loop b2-b3 ), which is close to the substrate binding pocket, in InvB is different from that in InvA (Fig. 1D ). Superposition of the dimeric InvB against the corresponding dimer of the hexameric InvA revealed a difference of about 10°for the intersubunit angles (Fig. S1a) . In consequence, the insertion moieties that contribute to the majority of the interdimer interactions of InvA hexamer [23] shift away, resulting in a dimeric form of InvB. Besides, sequence analysis revealed that the residues at the interdimer interface of InvA show a relatively lower sequence conservation among different A/ N-Invs (Fig. S1b) . Notably, the charged Arg251 and Glu286 that form a couple of interactions with Arg422 from the neighboring dimer in InvA (Fig. S1c) are missing in InvB.
The active-site pocket
In the sucrose-complexed structure InvB-Suc, each subunit binds one sucrose molecule (Fig. 2) which adopts a same conformation as that of subunit C of InvA-Suc structure [23] . InvB shares a nearly identical active-site pocket as InvA except for Arg430, Asn47, and Tyr48 (Figs 3A and S2) . Site-directed mutagenesis combined with activity assays showed that Asp189 and Glu415, corresponding to Asp188 and Glu414 of InvA, are catalytic residues. As stated above, superposition revealed that InvA and InvB mainly differ in the loop b2-b3 close to the substrate binding pocket ( Fig. 1D) . In subunit A of InvA-Suc structure, the loop b2-b3 which can be fully traced in the electron density map inserts into the pocket through Asn46 and Tyr47 to participate in the binding of sucrose, and Tyr47 is also stabilized by p-stacking with Arg429 (Fig. 3A) . But in the corresponding loop of InvB-Suc structure, residues from Ala41 to Leu46 are missing in the electron density map. Besides, residues Asn47 and Tyr48 of InvB, which are corresponding to Asn46 and Tyr47 of InvA, shift outwards from the catalytic pocket. Structural comparison combined with sequence alignment revealed several other factors that determine the different conformations of loop b2-b3 in InvA and InvB (Fig. 3A, B) . InvB possesses longer b3 and b4 strands and a preceding b-turn between Asn47 and Asn50, whereas polar interactions of Ala43 with Arg429, in addition to Gln38 with Ser22 and Leu19 could be found in InvA. Moreover, the residue Pro40 makes the loop of InvA adopt a relatively rigid conformation. In contrast, InvB has a more flexible loop b2-b3 , a part of which is invisible in the electron density map.
Optimum pH of InvB
To compare the catalytic properties of InvB with InvA, we first performed a series of enzymatic assays. We detected that InvB has an optimum pH at 7.7 (Fig. 4) , which is close to the optimum pH of InvA [23] , but different from the result reported by Vargas et al. [24] . In fact, an earlier report of Schilling et al. identified an alkaline invertase with an optimum pH of 7.5-7.8 in Anabaena sp. ATCC 29413, which is equivalent to InvB for their involvement with heterocysts [45] . Therefore, InvB should be also an alkaline invertase like InvA, but not the neutral invertase reported before [24] .
Key residue contributing to the enzymatic properties of InvB
Although InvA and InvB have a similar optimum pH, InvB shows an obviously higher catalytic activity than InvA between pH 6.5 and pH 9.0 (Fig. 4) . Furthermore, kinetic determinations revealed that InvB has a higher affinity toward sucrose and a higher catalytic efficiency (k cat /K m ) of about five times to that of InvA ( Table 2 ). As stated above, Arg430 of InvB close to the catalytic glutamate residues has a different orientation, compared to its counterpart residue Arg429 of InvA. From the InvB structure complexed with sucrose, Arg430 forms a salt bridge with the catalytic residue Glu415, and also forms five hydrogen bonds with Glu415, Gln433, and the sucrose molecule (Fig. 5A ). In the apo-form InvB structure, Arg430 possesses the same orientation (Fig. 5B) . Similar to the previous proposals [46, 47] , we presume that Arg430 could provide the positive charge to decrease the pK a of the catalytic residue Glu415, which is more susceptible for the deprotonation to trigger the nucleophilic attack. But in the two InvA structures complexed with sucrose molecules adopting different conformation [23] , the corresponding residue Arg429 deviates away from Glu414 and is fixed by polar interactions with 7.7 7.9 Fig. 4 . The optimum pH of InvA (red) and InvB (blue). The invertase activity was determined with 100 mM sucrose in a pH range from 5.5 to 9.5. The relative activity of InvB at pH 7.7 was set to 100%. The error bars denote standard deviations of the mean calculated from three independent experiments. Ala43 and a water molecule, in addition to p-stacking against Tyr47 (Fig. 5C, D) . Consequently, the activation of Glu414 in InvA is driven by the water molecule stabilized by Arg429 and Lys364. As expected, the mutant R430A of InvB completely loses the hydrolysis activity, whereas the mutant R429A of InvA maintains a residual activity of about 9.3% to the wild-type protein (Table 2) . Notably, upon mutation of the arginine to asparagine, the enzymatic activities of InvB and InvA decreased to about 1.6% and 19.8%, respectively ( Table 2 ). All together, the residue Arg430 is important for the activity of InvA and InvB; and moreover, 
Discussion
The higher activity of InvB might be necessary for the heterocyst development and nitrogen fixation Recent studies reported that Anabaena sp. PCC 7120 invA is only expressesed in vegetative cells, whereas invB is expressesed in both vegetative cells and heterocysts [6] . The spatiotemporal expression assay showed that the amount of InvB increased higher than that of InvA and particularly accumulated in heterocysts upon deprivation of combined nitrogen [26] . Interestingly, Vargas et al. found a possible DNA binding site of NtcA, a global nitrogen responsive regulator, in the promoter region of invB [6] . Besides, the increase of invB expression upon combined nitrogen deprivation was impaired in the ntcA mutant strain [26] . These findings implied that the expression of InvB may be regulated by nitrogen starvation. Moreover, knock-out of invB impaired diazotrophic growth, but no affect was detected in invA mutant strain [6, 26] .
Nitrogen fixation requires lots of ATP, reductant, and carbon skeletons, which come from the carbohydrate metabolism, most likely starting with sucrose imported from vegetative cells [7, 48] . As there is no SUS or Ac-Inv activity in heterocysts, A/N-Inv, namely InvB becomes vital for nitrogen fixation. What is more, rather than InvA, InvB of higher activity could fulfill the necessity for large amount of carbon and energy via sucrose degradation. Moreover, the hexoses produced from sucrose could also be processed through the oxidative pentose pathway to yield a-ketoglutarate and NADPH. Notably, the reductant NADPH is necessary for the nitrogenase, and also needed for the synthesis of cell-envelope components, such as polysaccharide and glycolipids of heterocysts [26, 48] .
Extend the species distribution of A/N-Invs to proteobacteria
To date, the prokaryotic A/N-Invs are only found in cyanobacteria. To further decipher the evolutionary hints of A/N-Invs, we performed the phylogenetic analysis, which classified A/N-Invs into five major groups, including two groups in cyanobacteria, two groups in proteobacteria, and one group in plants (Fig. 6A) . Notably, in addition to the previously identified clades in cyanobacteria and plants [24, 49] , we identified two new clades of A/N-Invs in proteobacteria. Sequence analysis suggested that proteobacteria A/N-Invs share 41-54% sequence identities with InvB and harbor conserved catalytic and substrate binding residues (Fig. S3) . Two distant cyanobacteria groups representing unicellular and filamentous cyanobacteria, respectively, are separated by proteobacteria A/N-Invs from chemolithoautotrophic bacteria or anoxygenic photosynthetic bacteria. In addition, these proteobacteria A/N-Invs can be divided into two sister clades. The inconsistence of the topology between A/N-Invs phylogeny and the organismal phylogeny suggested that proteobacteria are likely to have acquired A/N-Inv genes from cyanobacteria through horizontal gene transfer, similar to other sucrose-metabolizing enzymes [4, 12, 50, 51] .
In fact, cyanobacteria and proteobacteria are almost the only prokaryotes known to synthesize and metabolize sucrose [4, [8] [9] [10] [11] [12] . In agreement with it, here we identified putative A/N-Invs in proteobacteria. Specifically, multiple sequence alignment revealed that all A/N-Invs share a conserved arginine residue corresponding to Arg430 of InvB except for the first clade of proteobacteria A/N-Invs substituted by asparagine (Fig. 6B) . Our results showed that this arginine is important for the invertase activity, and the asparagine mutant only retains weak activity. Base on the phylogenetic analysis, we propose that the acquisition of the A/N-Inv genes by proteobacteria probably occurred in a single event and in the early period during the evolution of A/N-Invs among cyanobacteria. Thus, most proteobacteria A/N-Invs (clade I) kept a proposed ancient asparagine at Arg430 site with a relatively lower activity. However, the proteobacteria from the second clade (clade II) that live in highly extreme environments, such as hypersalinity (up to 4 M NaCl) [52, 53] , extremely alkaline pH (optimum at 10.0) [53], or cold temperature (as low as À5°C) [54, 55] , changed the asparagine into arginine. This substitution might enhance sucrose hydrolysis to provide osmoprotective substances and energy in order to overcome the harsh environments, and it was also adopted in cyanobacteria and plants with high demand of sucrose metabolism. 
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